Lateralization of brain connectivity may be essential for normal brain function and may be sexually dimorphic. Here, we study the laterality patterns of short-range (implicated in functional specialization) and long-range (implicated in functional integration) connectivity and the gender effects on these laterality patterns. Parallel computing was used to quantify short-and long-range functional connectivity densities in 913 healthy subjects. Short-range connectivity was rightward lateralized and most asymmetrical in areas around the lateral sulcus, whereas long-range connectivity was rightward lateralized in lateral sulcus and leftward lateralizated in inferior prefrontal cortex and angular gyrus. The posterior inferior occipital cortex was leftward lateralized (short-and long-range connectivity). Males had greater rightward lateralization of brain connectivity in superior temporal (short-and long-range), inferior frontal, and inferior occipital cortices (short-range), whereas females had greater leftward lateralization of long-range connectivity in the inferior frontal cortex. The greater lateralization of the male's brain (rightward and predominantly short-range) may underlie their greater vulnerability to disorders with disrupted brain asymmetries (schizophrenia, autism).
Introduction
Brain anatomy and function differ for the left and right hemispheres of the human brain, which is believed to reflect not only the emergence of language but also developmental and genetic factors (Toga and Thompson 2003) . Brain asymmetry is present at the structural level in the fetal brain in humans and nonhuman primates (Galaburda et al. 1978 ) and appears to be disrupted in patients with autism spectrum disorder (ASD), schizophrenia, and developmental dyslexia (Saugstad 1999) .
Brain laterality differences between the genders have also been documented and may underlie gender differences in cognitive styles (Proust-Lima et al. 2008) . For example, the females' overall linguistic advantage over males may reflect stronger leftward lateralization of the language networks, whereas the males' spatial skills advantage over females may reflect stronger rightward lateralization of visuospatial networks (Clements et al. 2006 ). Gender differences in the lateralization of brain function might also contribute to gender differences in the incidence of neurospychiatric disorders such as ASD (Baron-Cohen et al. 2005 ) and schizophrenia (Narr et al. 2001) . However, the gender differences in the lateralization of brain function are still controversial, and few studies have been done to address it. For example, whereas some blood oxygen level--dependent-functional magnetic resonance imaging studies have suggested that lateralization of language might be more pronounced in males than in females (Shaywitz et al. 1995) others have failed to reproduce these gender effects (Frost et al. 1999) .
Intrinsic brain activity captured during brief (5--10 min) magnetic resonance imaging (MRI) scanning during resting conditions (Biswal et al. 1996; Biswal et al. 2010 ) can now be used to evaluate local and distant functional connectivity (Sepulcre et al. 2010) , including the assessment of functional brain asymmetry (Liu et al. 2009 ) in the male and in the female brain. Studies based on 200 seed regions of interest (ROIs) distributed uniformly in the brain reported a small but significant gender by laterality interaction effect on the strength of the functional connectivity (stronger in males than in females) between seed regions (Liu et al. 2009 ). However, the asymmetry of short-or long-range functional connections and their interactions with gender have not been evaluated.
Recently, we proposed functional connectivity density mapping (FCDM), a voxelwise data-driven technique to assess the short-range (local) functional connectivity density (lFCD) (Tomasi and Volkow 2010) . Here, we describe a novel method based on FCDM and a standard graph theory approach to separately assess short-and long-range FCD, which we used to map the laterality patterns of functional connectivity and to evaluate gender effects in 913 subjects from a large public MRI database (Biswal et al. 2010) . A simple parallel computing method was used to speed up significantly (1000 times faster) the overwhelming computation of graph theory measures of global functional connectivity density (gFCD) at 3-mm isotropic spatial resolution. Based on documented anatomical and functional rightward asymmetries (Devlin et al. 2003; Toga and Thompson 2003; Scho¨nwiesner et al. 2007; Okamoto et al. 2009 ), we hypothesized that temporal and cingulate cortices would show a rightward lateralization for both shortand long-range FCD. We also predicted that the laterality of the short-and long-range FCD patterns would show significant gender effects in a regional specific manner.
Materials and Methods

Subjects
Functional scans that were collected in ''resting-state'' conditions and correspond to 913 healthy subjects (Table 1 ) from 19 research sites of the ''1000 Functional Connectomes'' Project (http://www.nitrc.org/ projects/fcon_1000/) were included in the study. Data sets from other research sites that were not available at the time of the study (pending verification of IRB status) did not report demographic variables (gender and age), exhibited image artifacts that prevented the study of shortand long-range FCD, or did not meet the imaging acquisition criteria (3 s > repetition time, full brain coverage, time points > 100, spatial resolution better than 4 mm) were not included in the study. and spatial normalization to the stereotactic space of the Montreal Neurological Institute (MNI) using a 12-parameter affine transformation with medium regularization, 16-nonlinear iterations, voxel size of 3 3 3 3 3 mm 3 . Other preprocessing steps were carried out using IDL (ITT Visual Information Solutions, Boulder, CO). A multilinear regression approach that used the time-varying realignment parameters (3 translations and 3 rotations) was applied to minimize motion related fluctuations in the MRI signals (Tomasi and Volkow 2010) , and the global signal intensity was normalized across time points. Band-pass temporal filtering (0.01--0.10 Hz) was used to remove magnetic field drifts of the scanner (Foerster et al. 2005 ) and minimize physiologic noise of high frequency components (Cordes et al. 2001) . Voxels with signal-to-noise (as a function of time) < 50 were eliminated to minimize unwanted effects from susceptibility-related signal-loss artifacts on FCDM. MRI time series reflecting the preprocessing steps were saved in hard drive for subsequent analyses.
Local and Global FCD
The preprocessed image time series underwent FCDM to compute the strength of the lFCD (Tomasi and Volkow 2010) . The number of local connections at every voxel location x 0 , k(x 0 ), was determined through Pearson correlations between time-varying signals at x 0 and those from its closest neighbors using an arbitrary threshold R > 0.6 (Tomasi and Volkow 2010 , 2011a , 2011b , 2011c , 2011d . This correlation threshold was selected in our previous work because R < 0.4 increased false positive rate and CPU time and R > 0.7 lead to lFCD maps with reduced dynamic range and lower sensitivity; thus we fixed R = 0.6 for all calculations (Tomasi and Volkow 2010) . In addition, standard graph theory (degree centrality) was used to map the strength of the gFCD from the preprocessed image time series (Tomasi and Volkow 2011c) (for a complete collection of graph theory measures, see Rubinov and Sporns 2010) . Two voxels were considered functionally connected if the Pearson linear correlation factor R > 0.6; we selected this correlation threshold to be consistent with that used to compute the lFCD maps. We verified that the rescaled gFCD (normalized to its mean value in the whole brain) was stable under threshold variations in the range 0.5 < R < 0.7. The gFCD at a given voxel x 0 was computed as the global number of functional connections, k(x 0 ), between x 0 and all other N -1 = 57 712 voxels in the brain. This calculation was repeated for all x 0 voxels in the brain and involved the computation of a N 2 correlation matrix.
Parallel Computing
A simple approach based on data parallelism was implemented to speed up the calculation of the gFCD by taking advantage of multiprocessor computer architectures. Specifically, the data was distributed across processing nodes in a way that all nodes executed the same code (gFCD.exe; 32 bit) on different imaging data (1 gFCD.exe per subject, 2 subjects per core). The standalone gFCD.exe code (188 kB) efficiently allocated 128 MB of dynamic memory via pointer reference by setting the handler mode for malloc, a standard C subroutine for fast operations on random-access memory. The gFCD.c code was developed and compiled using Visual C++ 6.0 (Microsoft Corp, Redmond, WA). Thus, the computation of the gFCD maps required only 120 min/ subject (single core PC without Hyper-Threading Technology [HTT]), which was significantly faster than what could be achieved using userfriendly high-level programing languages such as IDL or Matlab (~few days per subject).
A workstation with 2 Intel Xeon X5680 processors (6 cores per processor, 12 MB L3 Cache, 64-bit, 3.33 GHz), which accounted a total of 12 cores and allows 24 processing threads with HTT, running Windows 7 (64-bit) was used to compute the gFCD maps for each subject. Note that HTT enabled the operating system to address 2 virtual processors for each of the 12 cores that were physically present. Twenty-four batches of jobs (gFCD.exe) were submitted simultaneously by terminal commands; Windows 7 distributed the workflow among the 24 virtual processors. Thus, our simple but efficient parallelization approach allowed us to compute 24 subjects (1 subject per virtual processor) at once and required in average only 5 min/subject to complete.
Short-and Long-Range FCD
The lFCD included all voxels that belonged to the local cluster of functionally connected voxels. Since it predominantly reflects the regional short-range functional connectivity, we defined: short-range FCD = lFCD. Since the gFCD included both local and distal connections, we defined long-range FCD = gFCD -lFCD (Tomasi and Volkow 2011a). These maps inherited the radiological convention (left is right) of the native images. Short-and long-range FCD maps were spatially smoothed (8 mm) in SPM to minimize the differences in the functional anatomy of the brain across subjects.
Laterality Index
We developed a voxelwise method to compute the laterality of the brain's functional connectivity that contrasts FCD measures at homologous voxels in the left and right hemispheres. For this purpose, short-and long-range FCD maps with neurological convention (R: right is right) were additionally created by flipping (as mirror reversal of) the radiological FCD maps (L) across the x-axis. Then, the strength and direction of the short-and long-range FCD asymmetries were mapped voxel-by-voxel by using a laterality index (LI) (Steinmetz 1996) :
which partially accounts for intersubject variability and differential acquisition protocols among research sites. Negative LI values indicate leftward asymmetry and positive LI values indicate rightward asymmetry. The Fisher transform was used to normalize the step distributed LI values. Short-and long-range LI maps were spatially smoothed (8 mm) to minimize the differences in the functional anatomy of the brain across subjects. Group analyses of these LI maps were carried out in SPM using a 2-way analysis of variance (ANOVA) model with 2 conditions (short-and long-range FCD), 2 groups (males and females), and 1 covariate (age). Voxels with a conservative P FWE < 0.05, corrected for multiple comparisons in the whole brain with a familywise error (FWE) correction at the voxel-level were considered statistically significant across subjects. The population-average landmark-and surface-based atlas of the cerebral cortex (Van Essen 2005) provided in the installation package of the MRIcron image viewer (http://www.nitrc.org/projects/mricron) was used to identify FCD clusters with Brodmann areas (BAs) in the stereotactic space of the MNI. Volume-of-Interest Analyses Isotropic cubic masks containing 27 imaging voxels (0.73 mL) were defined at the coordinates of the cluster centers in the right hemisphere (Table 2) and their homologous regions in the left hemisphere to extract the average strength of the laterality of the short-and long-range FCD from individual LI maps and using a custom program written in IDL. The volume-of-interest (VOI) measures were used to assess the significance of the laterality findings as well as that of gender (assessed with parametric t-test and nonparametric Kolmogorov--Smirnov and Mann--Whitney--Wilcoxon tests) effects in Statview (SAS Institute Inc., Cary, NC) and Microcal Origin (Microcal Software Inc., Northampton, MA).
Results
Short-and Long-Range Functional Connectivity
The average distribution of the short-range FCD was maximal in posterior cingulate and ventral precuneus (Fig. 1A ). Other regions with high amplitude of short-range FCD included ventral occipital (cuneus), posterior lateral parietal (angular gyrus), and ventral and dorsolateral prefrontal cortices. The average distribution of the long-range FCD was maximal in the visual cortex, followed by posterior cingulate and ventral precuneus (Fig. 1B) . Angular gyrus, superior and inferior parietal, and dorsolateral prefrontal and temporal cortices also had significant long-range FCD. Note that the patterns of these highly connected regions (both short-and long-range) had a similar distribution in the left and in the right hemisphere. Overall, the short-and long-range FCD were lower for subcortical than for cortical regions.
Laterality Index
The statistical analysis of the LI patterns across all 913 subjects revealed that the short-range FCD was predominantly right Fig. 2A and Table 2 ). Temporal and inferior posterior occipital cortices showed the largest short-range laterality effects (LI = 22.1 ± 0.6% and -16.8 ± 0.6%, respectively; mean ± standard error).
As for the short-range FCD, the long-range FCD was predominantly right lateralized around the lateral sulcus (LI = 17.8 ± 0.7%) and left lateralized in the inferior posterior occipital cortex (LI = -12.7 ± 0.5%; Fig. 2B and Table 2 ) but also showed strong rightward lateralization in anterior and dorsal cingulate cortex (including BAs 23, 24, 31, and 32) and strong leftward lateralization in the frontal cortex (Broca's area, which encompasses pars opercularis, BA 44; pars transversalis, BA 45; and pars orbitalis, BA 47) and in the angular gyrus (BA 19/39).
Comparisons of the laterality pattern for short-versus long-range FCD showed an opposite pattern in inferior orbital frontal cortex (pars orbitalis; BA 47) that showed leftward laterality in longrange FCD but rightward laterality for short-range FCD (Table 2) .
Volumes of Interests
The VOI analysis of short-and long-range FCD in homologous regions of the left and right hemispheres (Fig. 3) revealed that caudate had the strongest rightward lateralization both for Table 2 Statistical significance (T-score) of the LI in 3-mm isotropic (cubic) ROIs centered at the MNI coordinates that show rightward (positive % mean ± SE) or leftward (negative % mean ± SE) lateralization of short-or long-range FCD Brain region BA nucleus MNI Lateralization short-range (22.2 ± 1.3%) and long-range (37.8 ± 2.5%) FCD and that temporal pole, superior temporal, and middle orbital frontal gyri also showed strong rightward lateralization for both short-and long-range FCD ( >7.3%). The rightward lateralization in cingulate cortex and thalamus was strong for long-range FCD ( >7.3%) but much weaker for short-range FCD ( <3.7%). The strongest leftward lateralization occurred at the middle frontal gyrus, both for short-range (-30.5 ± 1.8%) and long-range (-11.9 ± 0.6%) FCD; the calcarine and posterior cingulate cortices, pars inferior frontal triangularis, and supplementary motor area also showed strong leftward lateralization for both short-and long-range FCD. The leftward lateralization in angular gyrus was strong for longrange FCD (-18.8 ± 1.1%) but much weaker for short-range FCD (-3.5 ± 0.2%). The inferior orbital frontal (pars orbitalis) exhibited strong leftward lateralization of long-range FCD (-15.0 ± 0.8%) and weak rightward lateralization of shortrange FCD (1.1 ± 0.1%).
Gender
The group analysis revealed significant gender effects in the laterality of FCD (Fig. 4) , although these were limited to small brain regions. The short-range FCD revealed significantly greater laterality in males (N = 408) than females (N = 505). This included higher rightward lateralization on short-range connectivity in inferior frontal (pars orbitalis, triangularis, and opercularis) and superior temporal and inferior parietal (postcentral gyrus) cortices (Fig. 4 and Table 3 ). The longrange connectivity in males showed higher rightward lateralization in superior temporal cortex, whereas females showed greater leftward lateralization of long-range connectivity in the inferior frontal cortex areas where males showed higher rightward lateralization for short-range connectivity (Fig. 4 and Table 3 ).
Discussion
Regions with high functional connectivity may play an important role for the optimal efficiency and integration of functional networks both at rest and during task conditions (Biswal et al. 1995; Tomasi and Volkow 2011b) and could be critical to minimize the number of steps to connect any pair of neurons (Bassett and Bullmore 2006; Bullmore and Sporns 2009 ). An unbalance between short-and long-range FCD might result in pathology, as suggested by studies in patients with ASD who showed increased short-range and reduced longrange connectivity (Anderson et al. 2011; Barttfeld et al. 2011) .
In this study, we evaluate for the first time the laterality patterns that emerge from resting-state functional connectivity data sets, separately for short-and for long-range FCD, and assess the gender effects on these patterns at an unmatched spatial resolution (3-mm isotropic). The main findings of the study are: 1) in resting conditions, the FCD was right lateralized in precuneus, superior parietal, temporal, and middle frontal cortices (short-and long-range) and in inferior orbital frontal (short-range) and cingulate (long-range) cortices and left lateralized in posterior occipital, superior frontal, lateral parietal, and posterior cingulate cortices (short-and longrange) and in the inferior frontal cortex (long-range) and 2) males had greater rightward laterality of brain connectivity in superior temporal, inferior frontal, and inferior occipital cortices (short-range) and in the superior temporal cortex (long-range) than females, whereas females showed greater leftward lateralization of long-range connectivity in inferior frontal cortex.
Laterality
The voxelwise analysis revealed a rightward lateralization of the short-and long-range FCD in a large region of the temporal cortex (including superior and medial temporal gyri) and in inferior frontal gyri that to our knowledge had not been previously reported. The rightward lateralization likely reflects interhemispheric differences in the anatomy of the temporal cortices such as the larger extend of the Silvian fissure (which bordered the area that on our analyses showed the largest rightward laterality) on the right hemisphere than on the left (LeMay and Kido 1978; Kertesz et al. 1986 ). However, this lateralization pattern could also reflect in part the high levels of acoustic noise emitted by the MRI scanner during echo planar imaging acquisition ) since sound processing (Devlin et al. 2003; Scho¨nwiesner et al. 2007; Okamoto et al. 2009 ), including auditory motion perception is right lateralized (Hirnstein et al. 2007) , which is likely to have enhanced brain activity predominantly in the right temporal cortex. Abnormal hemispheric asymmetries particularly in the Heschl's gyrus (auditory cortex) were associated with auditory hallucinations (Chance et al. 2008 ) and those in frontal areas have been implicated in schizophrenia (Bear et al. 1986; Chance et al. 2005) .
The rightward asymmetry of the long-range FCD in cingulate cortex is consistent with prior studies reporting higher resting functional connectivity of the right cingulate cortex with prefrontal and parietal cortices than the left (Yan et al. 2009 ). The lateralization in cingulate cortex is also consistent with the structural asymmetries reported for the cingulate (Huster et al. 2007 ) and paracingulate cortices (Paus et al. 1996) . Rightward lateralization of the cingulate cortex was more pronounced for females than for males and may be clinically significant since loss of the asymmetry in the anterior cingulate cortex was reported in female patients with schizophrenia (Takahashi et al. 2002) . Our findings did not corroborate the rightward asymmetry of the functional connectivity strength in occipital--parietal cortices and insula previously reported in young adults using an ROI approach that did not distinguish between shortand long-range connections (Liu et al. 2009 ). However, methodological differences between studies might account for this discrepancy. Specifically, the LI used by Liu et al. contrasted the strength of the differential ipsilateral versus contralateral functional connectivity between hemispheres using 200 arbitrary ROI in each hemisphere. The present study is based on a larger sample and used a voxelwise and datadriven approach with a simple LI that reflects differences in connectivity density between hemispheres.
The leftward lateralization of short-and long-range FCD in posterior occipital cortex likely reflects the occipital petalia (LeMay 1976), a protrusion of the left hemisphere relative to the right (Toga and Thompson 2003) . The leftward asymmetry of the long-range FCD in inferior prefrontal cortex and angular gyrus is consistent with previous resting-state studies on functional connectivity (Liu et al. 2009 ). The leftward lateralization is also likely to reflect the lateralization of language to the left hemisphere. Though traditionally, language production has been associated to Broca's area (BAs 44 and 45), a premotor area in BA 6 that controls complex articulations is also implicated (Price 2010) . Similarly, language comprehension that is ascribed to Wernicke's area (predominantly includes posterior BA 22) also encompasses BAs 20, 21, 38, and 39 (Price 2010) . Morphological studies have shown the leftward asymmetry of Broca's area and of the planum temporale (adjacent to angular gyrus) in humans (Falzi et al. 1982; Steinmetz 1996; Amunts et al. 1999 ) and nonhumans Table 3 Statistical significance (T-score) of gender effects on laterality of short-and long-range FCD in 3-mm isotropic (cubic) ROIs centered at the peak coordinates (x, y, z) of statistically significant clusters primates (Yeni-Komshian and Benson 1976) , and abnormalities in the leftward asymmetry of language areas have been implicated in developmental dyslexia (Hynd et al. 1990; Larsen et al. 1990; Galaburda 1995) and schizophrenia (Crow et al. 1989; Bilder et al. 1999; Narr et al. 2001 ).
Short-versus Long-Range Laterality
There were significant laterality differences between short-and long-range FCD. Most notable, a leftward lateralization was observed for the long-range but not for the short-range FCD in inferior frontal cortex and angular gyrus. Similarly, an opposite laterality pattern was observed in posterior cingulate (BA 29) and thalamus (pulvinar) for the short-range (leftward) versus the long-range (rightward) FCD. The functional significance of these laterality differences is unclear. However, since longrange cortical connections are implicated in functional integration (Bressler 1995) and local connections are implicated in functional specialization (Schroeder and Lakatos 2009) , we speculate that differences in asymmetry between long-and short-range FCD could reflect differences in integration and specialization between the hemispheres.
Gender
The most prominent gender difference in the laterality of FCD occurred in the superior temporal cortex where males had stronger rightward lateralization of short-and long-range FCD than females. This finding is consistent with a stronger lateralization of superior temporal cortex functions in men than in women (Weekes et al. 1976 ). These gender differences could reflect testosterone levels during fetal development, which are higher for males than for females and can influence neural connectivity by averting programed cell death during neural development (De Vries and Simerley 2002) . Thus, the more prominent rightward asymmetry in superior temporal and inferior frontal cortices for males than for females suggests a sexual dimorphism in brain lateralization. MRI studies have shown that toddlers with ASD had higher gray and white matter in the superior temporal cortex than controls, and this abnormal growth was more pronounced for females than for males (Schumann et al. 2010) . Thus, the laterality patterns of the FCD could be used to test if ASD is an extreme of the typical male profile, as suggested by the extreme brain theory of autism (Baron-Cohen 2003) , and could serve as a biomarker for ASD. On the other hand, the leftward lateralization of the long-range FCD in inferior frontal cortex was significantly stronger for females than for males, which suggests greater lateralization for the language function in the female brain. Some have proposed that the male brain is more asymmetrical than the female brain (Shaywitz et al. 1995) , and our findings support an overall greater lateralization of short-range connectivity for males. However, this was not the case for the longrange connectivity for which there was higher asymmetry in some regions for females (inferior frontal) and in others for males (superior temporal). Note that a more widespread pattern of gender differences in laterality may emerge in nonresting conditions (i.e., during cognitive, emotional, or perceptual stimulation tasks).
Limitations
The 1000 functional connectomes database includes limited phenotypic characterization of the individuals. Thus, it was not possible to ascertain the functional significance of the gender effects on short-or long-range FCD. Nonetheless, the consistency of the findings from resting-state FCD patterns (Tomasi and Volkow 2010) makes it possible to generate standards that can be used in subsequent studies to compare with patient populations.
Conclusion
The FCD patterns showed a rightward asymmetry in temporal (short-and long-range) and cingulate cortices (long-range) and a leftward asymmetry in posterior occipital (short-and longrange) and inferior frontal (long-range) cortices and angular gyrus (long-range). The male brain was more rightward lateralized than the female brain. The lateralization of shortrange connectivity was stronger for males than for females (rightward lateralized), whereas lateralization of long-range connectivity was stronger in some regions for females (leftward) and in others for males (rightward).
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